Background: How nuclease activity of Mre11 is controlled by Rad50 is poorly understood. Results: Removal of the C-terminal domain of T4 Mre11 enhances its nuclease activity. Conclusion: The C terminus of Mre11 is autoinhibitory, and complex formation with Rad50 relieves this inhibition. Significance: This autoinhibition provides a mechanism for restricting the nuclease activity of Mre11 in the absence of Rad50. Mre11 and Rad50 form a stable complex (MR) and work cooperatively in repairing DNA double strand breaks. In the bacteriophage T4, Rad50 (gene product 46) enhances the nuclease activity of Mre11 (gene product 47), and Mre11 and DNA in combination stimulate the ATPase activity of Rad50. The structural basis for the cross-activation of the MR complex has been elusive. Various crystal structures of the MR complex display limited protein-protein interfaces that mainly exist between the C terminus of Mre11 and the coiled-coil domain of Rad50. To test the role of the C-terminal Rad50 binding domain (RBD) in Mre11 activation, we constructed a series of C-terminal deletions and mutations in bacteriophage T4 Mre11. Deletion of the RBD in Mre11 eliminates Rad50 binding but only has moderate effect on its intrinsic nuclease activity; however, the additional deletion of the highly acidic flexible linker that lies between RBD and the main body of Mre11 increases the nuclease activity of Mre11 by 20-fold. Replacement of the acidic residues in the flexible linker with alanine elevates the Mre11 activity to the level of the MR complex when combined with deletion of RBD. Nuclease activity kinetics indicate that Rad50 association and deletion of the C terminus of Mre11 both enhance DNA substrate binding. Additionally, a short peptide that contains the flexible linker and RBD of Mre11 acts as an inhibitor of Mre11 nuclease activity. These results support a model where the Mre11 RBD and linker domain act as an autoinhibitory domain when not in complex with Rad50. Complex formation with Rad50 alleviates this inhibition due to the tight association of the RBD and the Rad50 coiled-coil. . 3 The abbreviations used are: DSB, double strand break; T4 phage, bacteriophage T4; HR, homologous recombination; MR, Mre11/Rad50; NBD, nucleotide binding domain; RBD, Rad50 binding domain; ssDNA, singlestranded DNA.
DNA double strand breaks (DSB) 3 are considered to be one of the most lethal forms of DNA damage and could be induced by external agents, such as ionizing radiation, genotoxic chem-icals, and internal agents, such as reactive oxygen species and proteins that stall the replication fork (1) . If not repaired properly, DSBs will lead to chromatin rearrangement and ultimately result in tumorigenesis or cell death. Three pathways exist for DSB repair, homologous recombination (HR), nonhomologous end-joining, and microhomology-mediated end-joining (2, 3) . The Mre11/Rad50 (MR) complex is involved in the initial steps of the HR and microhomology-mediated end-joining pathways, but its role is best elucidated in HR (4, 5) . The MR complex is among the first proteins that respond to DSBs in yeast (6) . Upon arriving at the DSB, the MR complex processes the dsDNA ends to produce a short 3Ј ssDNA overhang at the break site. Following further resection of 5Ј end of the DNA by SgsI/ Top3/RmiI, Dna2, and RPA or ExoI and RPA, the recombinase (Rad51) promotes homolog pairing and 3Ј ssDNA strand invasion (7) . The D-loop created from strand invasion is then used as primer for strand extension. The extended strand can be dissociated from its template by a DNA helicase, or the Holliday junction can be processed with a DNA nuclease and ligase (8) . In eukaryotes, the MR complex also acts as a DSB sensor by recruiting and stimulating ataxia telangiectasia-mutated protein kinase to initialize checkpoint signal cascade (9, 10) .
The MR complex is evolutionarily conserved, with orthologs of Mre11 and Rad50 existing in all kingdoms of life (4) . Eukaryotic MR complex requires a third protein component, Nbs1 in human (11) and Xrs2 in yeast (12) . MR complexes in eukaryotes, archaea, and bacteriophages all catalyze DNA resection at DSBs; in contrast, the bacterial MR complex is involved in processing of cruciform structure during DNA replication (13) and DSB resection is carried out by the RecBCD helicase-nuclease complex (14) . The MR complex from bacteriophage T4 functions in a similar fashion as its eukaryotic homologs and is required for both DSB repair and origin-independent DNA replication (15) (16) (17) (18) .
Rad50 belongs to the ATP-binding cassette (ABC) protein superfamily (19) . All ABC proteins contain a conserved nucleotide binding domain (NBD) that dimerizes upon ATP binding at the dimer interface. ABC proteins act as chemo-mechanical engines, utilizing the energy of ATP binding and hydrolysis to fuel various biological functions, including membrane transportation, DNA repair, chromosome condensation, RNA-protein remodeling, and protein translation (19, 20) . The ATPase activity of Rad50 may facilitate translocation of the MR com-plex along its DNA substrate and is required for repetitive resection of DNA (21) . Structures of the NBD domain of Rad50 from Pyrococcus furiosus, Thermatoga maritima, and Methanocaldococcus jannaschii have been determined in the presence and absence of ATP (22) (23) (24) . The Rad50 NBD domains dimerize in a head-to-tail fashion. The WalkerA, WalkerB, Q-loop, and H-loop motifs from one monomer and the Signature and the D-loop motifs from the adjacent monomer together create an intact active site. A long coiled-coil domain embeds between the N-and C-terminal halves of the NBD domain in Rad50. A highly conserved CXXC motif in the middle of the coiled-coil domain forms a zinc finger-like structure with the CXXC motif from adjacent Rad50 (25) . The CXXC motif is believed to mediate Rad50-dependent DNA tethering (4, 18, 26) .
As a member of Ser/Thr protein phosphatase superfamily (27) , Mre11 is responsible for the nuclease activity of the MR complex (21) . The nuclease activity of Mre11 is metal-dependent, and the highest levels of nuclease activity are observed with Mn 2ϩ . Mg 2ϩ supports activity to a lesser extent and an altered product profile is produced (21) . The conserved Mre11 core contains a nuclease domain, a capping domain, and a C-terminal Rad50 binding domain (RBD), with a flexible linker bridging the capping domain and RBD (28, 29) . The nuclease domain of Mre11 forms a dimer with an interface that appears highly flexible and may adopt multiple functional states during catalysis of the MR complex (30 -34) .
MR forms a stable heterotetrameric complex with two subunits of Mre11 and two subunits of Rad50 (21, 23, 24) . Mre11 and DNA activate the ATPase activity of T4 Rad50 by ϳ20-fold (21) . Extensive, repetitive nuclease activity is completely reliant on the presence of Rad50 and ATP hydrolysis. Several structures of the MR complex have been solved recently with Rad50 constructs lacking most of the coiled-coil domain (23, 24, 35) . MR stays in an extended conformation in the absence of ATP and a compacted conformation in the presence of ATP (36) . Mre11 embraces Rad50 on the surface of Rad50 opposing the coiled-coil domain. There are two protein-protein interfaces between Mre11 and Rad50. The first is the capping domain of Mre11 that interacts with the distal face of Rad50 (the side distal to the coiled-coil) with a surface area of 686 Å 2 (24) . The second interface is the RBD of Mre11 and the root of the coiledcoil domain in Rad50, which includes a surface area of 1334 Å 2 (24) . Both of these interfaces are far away from the active site of Mre11 (Fig. 1 ). The structural mechanism of how the binding of Rad50 stimulates the nuclease activity of Mre11 has been elusive. In this report, we explored the role of Mre11 RBD and the linker domain in the allosteric communication of MR complex. We find that Mre11 is autoinhibited by its RBD and the flexible linker. Deletion of the RBD of Mre11 eliminates Rad50 binding but only has a moderate effect on basal nuclease activity of Mre11; however, the additional deletion of the flexible linker between RBD and main body of Mre11 increases the Mre11 nuclease activity by 20-fold. Mutations of the negatively charged residues in the flexible linker to alanine elevate the Mre11 activity to the level of MR complex when combined with deletion of RBD. Kinetics experiments indicate that Rad50 association and deletion of the C terminus of Mre11 both enhance DNA binding to a similar degree. The results here suggest a simple model for the role of Rad50 in ATP-independent nuclease activity. The RBD and flexible linker of Mre11 block a portion of its DNA-binding site, thus reducing its affinity for the DNA substrate and inhibiting its nuclease activity. This inhibition is relieved upon complex formation with Rad50 as its coiled-coil domain sequesters the RBD and linker of Mre11.
EXPERIMENT PROCEDURES
Materials-Coupling enzymes (pyruvate kinase and lactate dehydrogenase), dNTPs, NADH, and nickel-agarose came from Sigma. Phosphoenolpyruvate was from Alfa Aesar. Adenosine 5Ј-triphosphate was purchased from United States Biochemical Corp. Chitin beads were from New England Biolabs. Chemicals, buffers, and media components came from Fisher. The M13 phage single-stranded DNA was obtained using PEG precipitation and phenol/chloroform extraction (37) .
Mutagenesis, Protein Expression, and
Purification-The open reading frames for the truncated forms of Mre11 were amplified from previous T4Mre11-PTYB1 construct (21) using PCR primers that contained NdeI cutting site on the forward primer and SapI cutting site on the reverse primer. The PCR products were then subcloned into pTYB1 vector. Site-directed mutations of Mre11 were generated following Stratagene QuikChange mutagenesis protocol. The sequences of all DNA primers used are available upon request. The sequences and integrity of all the constructs were verified by DNA sequencing provided by Iowa State University DNA facility. Bacterial expression and purification of the wild type (WT) and mutated Mre11 and Rad50 proteins were carried out as described previously (21, 38) . Steady-state ATPase Kinetics-ATPase activity of Rad50 or MR complex was measured spectrofluorometrically with a standard coupling assay (39) . ADP formation was coupled to NADH consumption through the enzymatic action of pyruvate kinase and lactate dehydrogenase. All assays were carried out at 30°C using excitation and emission wavelengths of 340 and 460 nm, respectively, on a Cary Eclipse spectrofluorometer (Varian). The reaction buffer contained 50 mM Tris-HCl, pH 7.6, 50 mM KCl, 5 mM MgCl 2 , 50 M NADH, 150 M phosphoenolpyruvate, 6.67 units/ml pyruvate kinase, 10 units/ml lactate dehydrogenase, and 0.1 mg/ml BSA. All ATPase assays were initialized with the addition of Rad50 or preassembled MR complex. Initial velocity (v) was measured at different ATP concentrations ([S]), and the maximum velocity (V max ), Michaelis constant (K m ), and Hill coefficient (n) were estimated according to
The sequence of the oligonucleotides used to create the DNA substrate is identical to those used previously (21) . Determination of Nuclease Activity-Nuclease activity was determined fluorometrically using DNA substrates with a fluorescent 2-aminopurine deoxyribonucleotide at the 1st position relative to the 3Ј end of the substrate. The fluorescence level increases as the 2-aminopurine deoxyribonucleotide is excised from DNA through the nuclease activity of Mre11 (40) . The assay was carried out at 30°C using excitation and emission wavelengths of 310 and 375 nm, respectively, on a Cary Eclipse The steady-state product profile of the WT-Mre11, ⌬C 289 -Mre11, and their complexes with Rad50 was examined using denaturing urea-PAGE. Assays were carried out at 30°C in the standard reaction buffer with 1.3 M hexachlorofluoresceinlabeled DNA substrate. The hexachlorofluorescein label was attached to the 5Ј end of the ds50-F primer. A phosphorothioate linkage between the 1st and 2nd nucleotides of the ds50-R substrate (relative to the 3Ј end) prevented Mre11 from excising nucleotides from the unlabeled DNA strand. Reactions were quenched with an equal volume of quench buffer containing 50% formamide and 100 mM EDTA at time points 0, 10, 20, 40, and 120 min. Reaction products were resolved with 16% denaturing PAGE containing 7.5 M urea in TBE buffer. Gels were run for 3 h at a constant power of 60 watts. The gel was visualized on a Typhoon PhosphorImager using a 532-nm laser and a 555-nm bandpass filter and analyzed with the ImageJ software (National Institutes of Health).
The ssDNA endonuclease activity was carried out at 30°C in the standard reaction buffer with 1 g of M13 phage singlestranded DNA per time point. The reaction products were monitored using a 0.8% TAE-agarose gel. The reaction time points were quenched in 5 mM Tris-HCl, pH 7.5, 200 mM EDTA, 0.2% orange G, 0.015% bromphenol blue, 0.015% xylene cyanol FF, and 7.5% Ficoll 400. The agarose gels were stained with 10 g/ml ethidium bromide for 30 min prior to visualization under UV light.
Gel Filtration Analysis-A Superdex 200 10/300 GL column (GE Healthcare) was used to determine the oligomerization states of WT and mutant forms of Mre11 and MR complex. The column was equilibrated with buffer containing 20 mM Tris, pH 8.0, and 400 mM NaCl. For each run, 100 l of sample with Mre11, Rad50, or MR complex was injected. The protein concentrations are 100 M for Mre11 and 50 M for Rad50.
RESULTS
Nuclease Activity of C-terminal Deletions of Mre11-The fluorescence 2-AP assay was used to examine the 3Ј to 5Јexonuclease activity of WT and mutant Mre11 proteins. A 50-base pair DNA substrate with 2-AP at the first position was used to assess the ATP-independent nuclease activity.
Previous experiments on the P. furiosus MR complex indicate the RBD is strictly required for MR complex formation (30) . To test the role of the C-terminal element in Mre11 activation, we designed a series of Mre11 deletion constructs. Deletion of the RBD (⌬C 307 , deletion of residues 308 -339) completely eliminates Rad50 activation, verifying the indispensable role of RBD in the MR interaction. However, the deletion causes only a minimal effect in nuclease activity of Mre11 ( Fig.  2A ). Further deletions of residues 301-339 (⌬C 300 ), 299 -339 (⌬C 298 ), 297-339 (⌬C 296 ), and 292-339 (⌬C 292 ) gradually increase the nuclease activity of Mre11. Removal of the entire flexible linker (⌬C 289 , deletion of residues 290 -339) elevates the nuclease activity of Mre11 by 20-fold. Addition of Rad50 slightly reduces the nuclease activity of ⌬C 307 , ⌬C 298 , ⌬C 296 , and A 6 ⌬C 300 , but this effect is absent or not easily detectable for ⌬C 292 and ⌬C 289 due to the noise associated with these mutants. Rad50 alone binds DNA tightly and may compete for DNA substrate in the nuclease assay (34) .
Nuclease Activity of Mutations on Flexible Linker of Mre11-Results from C-terminal deletions of Mre11 highlight residues 290 -300; ⌬C 300 shows only a 2-fold increase in nuclease activity, whereas ⌬C 289 exhibits a 20-fold increase in nuclease activity ( Fig. 2A) . Residues 290 -300 are highly negatively charged, with aspartic acid at positions 294 and 295 and glutamic acid at positions 292, 297, 298, and 300 ( Fig. 1A ). Mutations of one or two of these negatively charged residues to alanine or lysine do not disturb the Rad50 binding, as indicated by at least a 10-fold activation of Rad50 (Fig. 2B) . However, the nuclease activities decrease for all single and double mutants tested. Most striking are the E300K-Mre11 and E292K mutants, which lower the nuclease activity of both Mre11 alone and the MR complex by at least 10-fold. The cause of this reduced nuclease activity is unclear, but it appears that these residues must have additional role(s) in promoting the fully active state of Mre11. Considering the flexibility of the loop and the enrichment of the negatively charged residues, the role of one or two negatively charged residues may be compensated by their neighbors. To control for this possibility, we mutated all negatively charged residues to alanine (A 6 -Mre11). In contrast to single or double mutants whose nuclease activities (without Rad50) drop significantly, A 6 -Mre11 exhibits a 2-fold increase in nuclease activity. Rad50 activates A 6 -Mre11 by ϳ5-fold, significantly lower than the activation of WT or the single and double Mre11 mutants. However, the final activity of A 6 -MR and WT-MR is comparable. The results imply that the Rad50 binding compensates for defects in the flexible linker.
Both ⌬C 300 and the mutation of all negatively charged residues (A 6 -Mre11) increase the nuclease activity by around 2-fold. However, the changes are minor compared with the 10-fold Rad50 activation for WT-Mre11 or a 20-fold increase that occurs with the ⌬C 289 -Mre11 mutant. There are two possible causes for this, either other residues in flexible linker hinder Mre11 activity or the negatively charged residues work cooperatively with the RBD to inhibit Mre11 activity. Combination of ⌬C 300 and A 6 mutations (A 6 ⌬C 300 -Mre11) shows a similar level of activity as the WT-MR complex, supporting the latter possibility.
Gel Filtration Analysis-Gel filtration analysis was utilized to examine the oligomeric state and Rad50 interaction of WT and selected Mre11 mutants (Fig. 3 ). According to their elution time, WT-Mre11 and Rad50 remain as monomer and dimer, respectively. The MR complex sample included an excess amount of Mre11. If a tight MR complex forms, then the Rad50 peak should disappear and a new peak will emerge at an earlier elution volume when compared with the Rad50 peak, as it does in the case of the WT-MR complex. A 6 -Mre11 exhibits similar peak shift behavior as a WT-MR complex. Consistent with the nuclease assay, Rad50 does not interact with any C-terminal deletions of Mre11 (⌬C 289 , ⌬C 300 , and A 6 -⌬C 300 ).
Steady-state Kinetics of the Nuclease Activity for WT and
Mutant Mre11-The same fluorescence 2-AP assay was used for the steady-state kinetics characterization. For WT-, A 6 -, and ⌬C 300 -Mre11, no saturation can be achieved in the range of 0.5 to 20 M DNA substrate, suggesting that their K m -DNA values are significantly higher than 20 M. In contrast, the WT-MR complex is able to be saturated with the DNA substrate, and the kinetic data can be fitted with the Michaelis-Menten equation (K m -DNA of 3.8 M, Table 1 ). The results here are consistent with previous results from anisotropic fluorescence DNA binding assay, where MR complex binds DNA tightly but the DNA binding for Mre11 alone is barely detectable (34) . The A 6 -MR complex and ⌬C 289 -Mre11 exhibit ϳ30% decrease in K m -DNA as compared with the WT-MR complex, and the ⌬C-A 6 -Mre11 has a K m -DNA that is essentially identical to the WT-MR complex. All the mutants and WT-MR have about the same k cat values with the exception of ⌬C 289 -Mre11, which is ϳ1.5-fold higher.
Both the C-terminal deletion of Mre11 (⌬C 289 ) and WT-MR complex display a high level of nuclease activity for the excision of the first nucleotide. To monitor the processivity of ⌬C 289 - Mre11, the nuclease activity for WT-MR and ⌬C 289 -Mre11 were assayed using denaturing PAGE. A hexachlorofluorescein label is attached to the 5Ј end of the ds50-F primer. A phosphorothioate linkage between the 1st and 2nd nucleotides of the ds50-R substrate (relative to the 3Ј end) prevents Mre11 from excising nucleotides from the unlabeled DNA strand. As shown in Fig. 4 , ⌬C 289 -Mre11 exhibits much greater nuclease activity compared with WT-Mre11. The WT-MR complex can processively remove nucleotides in an ATP-dependent manner, whereas ⌬C 289 -Mre11 is not processive, as indicated by the absence of short DNA products. This is consistent with our previous experiments that demonstrate both Rad50 and ATP hydrolysis are required for repetitive resection of DNA (21) .
Construction and Characterization of C pep -Mre11-The C-terminal residues 290 -339 (C pep -Mre11) were cloned and constructed into pTYB1 vector. Following the standard purification procedure for Mre11, the C pep -Mre11 was purified to homogeneity as indicated by SDS-PAGE (data not shown). The fluorescence 2-AP assay was used to test the inhibition of C pep -Mre11 on Mre11. As shown in Fig. 5A , C pep -Mre11 inhibits ⌬C 289 -Mre11 effectively, with an IC 50 of 47 Ϯ 6 M. As expected, the inhibition of C pep -Mre11 on WT-Mre11 is significantly weaker, with an IC 50 estimate of 250 Ϯ 60 M. The C pep -Mre11 inhibition appears to be competitive with respect to DNA, as the IC 50 increases 2-fold for ⌬C 289 -Mre11 when the concentration of the DNA is doubled (IC 50 of 90 Ϯ 16 M) and the K m -DNA (apparent) is elevated at least 10-fold in the presence of 160 M C pep ( Table 1) .
Complexes of C pep -Mre11 and Rad50 from P. furiosus and T. maritima have been co-crystallized (23, 30) . As seen in the crystal structures, C pep -Mre11 binds to Rad50 at the same site in the presence or absence of main body of Mre11. To test whether the same scenario applies in the T4 system, we employed the gel filtration assay to explore the interaction between Rad50 and C pep -Mre11. Because C pep -Mre11 is too small to be directly detectable via gel filtration analysis, we performed a simple competition assay. Previous pulldown experiments indicate tight binding and slow dissociation of MR complex (41) . If C pep -Mre11 binds strongly to the same site on Rad50 as does WT-Mre11, then the MR complex should not form in the presence of C pep -Mre11. We incubated C pep -Mre11 with Rad50 for 1 h and then added Mre11 prior to injection. The elution profile indicates the absence of MR complex (Fig. 5B ). If Rad50 and WT-Mre11 were incubated prior to the addition of C pep -Mre11, then the MR complex peak is still evident, although to a somewhat lesser extent.
Steady-state ATPase Activity-The addition of WT-Mre11 and dsDNA to Rad50 results in around 30-fold increase in k cat -ATP, a 3-fold increase in K m -ATP, and a Hill coefficient increase from 1.3 to 2.5 ( Table 2 ). The k cat -ATP for A 6 -Mre11/ Rad50⅐DNA complex is 2-fold lower than that of WT⅐MR complex, yet it is 15-fold higher compared with Rad50 alone. As indicated by the nuclease assays and gel filtration analysis, ⌬C 289 -Mre11 does not interact with Rad50, thus having a negligible effect on ATPase activity of Rad50.
DISCUSSION
The MR complex is involved in various aspects of DSB repair, including sensing the DSB, triggering signal pathways, and facilitating DSB repair through different pathways (42) . The
TABLE 1 Nuclease activity of WT and mutant proteins
Fluorometric assays were performed as described "Experimental Procedures." The DNA substrate was varied from 0.5 to 20 M with 2-AP at first position. nuclease activity of Mre11 is essential for meiotic HR and ataxia telangiectasia-mutated signaling yet dispensable for other functions of MR. Because of the multiple functions of MR in diverse cellular contexts, the nuclease activity of Mre11 must be under tight control.
In this report, we described a simple model for the regulation of T4 Mre11 exonuclease activity by its own C terminus. Mre11 exonuclease activity is auto-inhibited by its C-terminal RBD and flexible linker. Upon complex formation with Rad50, the RBD of Mre11 is sequestered by the coiled-coil domain of Rad50, thereby relieving inhibition. The data suggest that inhibition of Mre11 by its C terminus is competitive with respect to DNA. Removal of the RBD and flexible linker of Mre11 greatly decreases the K m -DNA and stimulates its exonuclease activity. Two structural elements, the RBD and the clustered negatively charged residues in the flexible linker, are involved in the autoinhibition. Individual deletion of the RBD or mutation of all negatively charged residues within the linker has only a moderate effect on nuclease activity, whereas the combination elevates the exonuclease activity to the level of the MR complex. Although the location of the C-terminal domain binding site on Mre11 is uncertain because all structures of Mre11 alone have this domain removed, the net charge of the T4 Mre11 capping domain is highly positive with a pI ϭ 9.16, whereas the flexible linker domain of T4 is highly negative with a pI of 3.2. As these two domains are adjacent to each other, it is quite possible that they interact. Although charge reversal mutations of one or two of the negatively charged residues on the flexible linker results in a reduction of activity, mutation of all the negatively charged residues causes the activity to increase. This suggests that the interaction between the flexible linker and the Mre11 main body may be variable and nonspecific. Thus, we propose that the flexible linker loosely interacts with positively charged residues on the surface of Mre11, likely within the capping domain, and this interaction sterically disrupts DNA binding (Fig. 6) . The x-ray crystal structure of Pfu-Mre11 in complex with branched DNA reveals ionic interactions between the capping domain and the DNA, consistent with the proposal that a putative interaction between the linker domain and the capping domain would compete with DNA binding (43) . Similar negatively charged residue clusters can be found in the flexible linker in both M. jannaschii and T. maritima Mre11 (Fig. 1) , suggesting a conserved regulatory mechanism during evolution. How- (46) . Mutation of His-52 in Pfu-Mre11 eliminates exonuclease activity but only has a minor effect on endonuclease activity (43) . In Pfu-Mre11, two blunt-ended DNA substrates can bind to the Mre11 dimer simultaneously, whereas only a single branched DNA substrate occupies the DNA-binding site in the Mre11 dimer (43) . Moreover, mutations that disrupt dimerization in Pfu-Mre11 reduce ssDNA binding by 30 -50-fold while only causing a 3-10-fold decrease for dsDNA (47) . The DNA substrate for endonuclease activity should bind to Mre11 in a capping domain independent mode and thus is not affected by C-terminal deletion. Conversely, Rad50 enhances both endo-and exonuclease activity of Mre11. Besides chelating the C-terminal domain of Mre11, Rad50 could also strengthen the dimerization of Mre11 and promote DNA binding. T4 Mre11 exists primarily as a monomer at low concentrations, whereas the MR complex is a stable heterotetramer (38) . Meanwhile, both ssDNA and dsDNA bind strongly to Rad50 with sub-micromolar affinity (34) . Rad50 may help to align the ssDNA substrate in the active site of Mre11.
The endo-and exonuclease activities of Mre11 act at different stages during HR (46) . Endonuclease activity initiates DSB resection and may affect pathway choice in DSB repair, whereas its exonuclease activity functions downstream. The differential regulation of Mre11 by Rad50 may correlate to different roles of endo-and exonuclease activity in vivo. Moreover, ssDNA is a common intermediate produced during DNA replication, transcription, recombination, and DNA repair, making the control of ssDNA endonuclease activity a strong requirement. Indeed, NbsI, a third component in eukaryotic MRN complex, stimulates the endonuclease activity of the MR complex on hairpin substrates without enhancing exonuclease activity (47) . However, the exact regulatory mode of different activity of Mre11 needs to be further explored.
Autoinhibition is a relatively widespread regulatory strategy, and the presence of an autoinhibitory domain suggests that the protein or enzyme possesses an activity that must be tightly controlled. Autoinhibition is particularly common in proteins involved in cellular signaling and regulation of transcription. The autoinhibitory domain of protein kinases is often considered to be a "pseudosubstrate" that competes with the binding of the true substrate (48) . Similarly, the autoinhibitory domains of most transcription factors behave as DNA mimics whose binding site overlaps with DNA (49) . Autoinhibition is less common among nucleases, but there are several well established examples. The Dicer protein, which uses its endonuclease activity to process dsRNA into short fragments as part of the RNAi pathway, is autoinhibited by its N-terminal helicase domain (50) . In this case, the inhibition appears to be allosteric in nature as the removal of the N-terminal region increases the k cat of the reaction rather than the K m -RNA. The restriction endonuclease EcoRII is also autoinhibited by its N-terminal domain, which sterically occludes the active site of the enzyme to prevent DNA binding (51) . Perhaps the most similar example of the mechanism we have proposed for T4 Mre11 is the regulatory mechanism of human exonuclease I (hExoI) (52). Orans et al. (52) have proposed that the C terminus of hExoI acts as an autoinhibitory domain that down-regulates its nuclease activity when not in complex with other DNA repair pathway-specific proteins. In the case of mismatch repair, the authors (52) propose that MutS␣ activates the exonuclease activity of hExoI by interacting with its C-terminal autoinhibitory domain.
The benefits of controlling spurious nuclease activity of Mre11 seem clear, and it appears that Mre11 does not have specific functions outside of the MR complex (15, 53) . Very little is known regarding the relative expression levels of Mre11 and Rad50 in T4 phage, but the intrinsic autoregulatory mechanism described here for T4 Mre11 ensures that it will not localize to DNA until MR complex formation. Once the MR complex is formed, stable binding to DNA becomes ATP-dependent and additional factors such as gp32 or UvsY may play a role in recruiting the MR complex to the ends of dsDNA (21, 34) . Testing the in vivo consequences of autoinhibition removal will require an Mre11 mutant that lacks autoinhibition but retains the ability to interact with Rad50. This may be possible if the Mre11-and Rad50-binding sites on the RBD of Mre11 are nonoverlapping.
